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The compression of liquid nickel and cobalt has been investigated up to 102 and 83 GPa, respectively, by
x-ray absorption spectroscopy at the Ni and Co K edges, using laser-heated diamond anvil cell. A shortening of
about 8%-10% of the metal bond distances is observed in the pressure range considered and the experimental
results are confirmed by theoretical calculations. Ab initio quantum molecular dynamics calculations have been
performed, providing a model pair distribution function for cobalt, used as a starting model in the extended x-ray
absorption fine structure analysis. The specific volume of the liquid has also been estimated and compared to
calculations in the literature. This work sets the basis for x-ray absorption spectroscopy studies of liquid metals
under extreme conditions with potentially important implications for the understanding of Earth and planetary

interiors.
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Structural analysis of liquids at high pressure and tempera-
ture became possible with the appearance of third-generation
synchrotrons [1]. In the last 20 years, a lot of experimental
and theoretical efforts have been focused on the evaluation
of the equation of state of liquids on iron and iron alloyed
with light elements [2—-12], with important implications in
geophysics and material science. Despite this, the knowledge
of the structure of liquid Fe as well as of the other 3d metals
at high pressure (pair distribution function, first neighbor
distance, coordination number, density) remains, from the
experimental point of view, quite limited in terms of pressure
range or information extracted. This is certainly not due to
the lack of interest in the topic, but rather to the challenging
experimental conditions which have only recently started to
be surmounted, allowing one to obtain first reliable melting
curves ([13-21], and references therein) and first structural
information on the melts. Nickel and cobalt are 3d metals and
due to their vicinity in the periodic table, their structural and
magnetic behavior has often been compared to iron [22-24].
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Computational studies on the local structure of liquid nickel
[25,26] and cobalt [19,27] at high pressure exist, while to
the best of our knowledge an experimental investigation of
the structure of these melts under pressure is still missing.
The only studies presented in the literature on pure liquid
nickel and cobalt deal with the structure and properties of the
material at ambient pressure [28—35].

In this work we report the experimental structural char-
acterization of liquid nickel and cobalt at high pressure (up
to 102 and 83 GPa, respectively) by x-ray absorption spec-
troscopy (XAS) technique. By analyzing the extended x-ray
absorption fine structure (EXAFS) region of the absorption
spectra it was possible to quantitatively determine the com-
pression of liquid nickel and cobalt. In a XAS experiment
the absorption coefficient is measured as a function of the
photon energy for a selected element (photoabsorber). The
effect of the surrounding atoms is to produce interferences
observable as oscillations in the cross-section signal. The
analysis of the oscillating signal provides an accurate determi-
nation of the first neighbor coordination distances around the
photoabsorber. This makes XAS a suitable structural probe for
systems characterized by short-range order, such as disordered
or liquid substances.

High pressure and temperature conditions were produced
in laser-heated diamond anvil cell. In situ XAS experiments
were carried out at the ID24 beamline of the European
Synchrotron Radiation Facility (ESRF) [36]. The samples, a
4-um-thick polycrystalline nickel foil 99.95% (Goodfellow)
and a 4-um-thick cobalt deposition (Eric Monsifrot, SARL
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DEPHIS, Etupes, France), were loaded into the diamond anvil
cell sample chambers with diameters variable between 70
and 120 um. The holes were drilled in 30-pm-thick rhenium
gaskets. The samples were insulated from the diamonds by
two KCl disks previously dried at 120 °C for at least 4 h.
The diamonds were nanopolycrystalline to avoid glitches in
the XAS signal produced by single-crystal Bragg reflections
[37]. The pressure was measured using the ruby (Cr:Al,O3)
fluorescence signal [38] and its error was evaluated as about
10% of the measured pressure. Thermal pressure correction
was applied to the data as explained in Refs. [18,20]. After
careful alignment of x rays, infrared lasers, and temperature
measurement optical path, the temperature was varied by
changing the power of two lasers. The temperature error bar
was determined as the standard deviation of the two colors fit
[39,40]. The measurement strategy, with details on the align-
ment procedure, temperature metrology, and possible sources
of systematic errors are detailed in the Supplemental Material
[41] as well as in Refs. [16,20,40,42]. A description of the
laser heating system used, coupled with the ID24 beamline at
the ESREF, is detailed in Refs. [43,44]. A polychromatic x-ray
beam covering an energy range between 8250 and 8610 eV for
nickel, and between 7640 and 8055 eV for cobalt, was focused
on the sample in order to obtain spot sizes of 6 x 7 um? and
4 x 5 um? (vertical x horizontal) full width at half maximum,
respectively. XAS data were collected with a FreLoN camera
[45] and the pixel-energy calibration was performed using
either a nickel or a cobalt foil as standard. In each heating
cycle, once the target pressure was reached, the laser power
was gradually increased until the complete melting of the
sample was observed. Each heating cycle was performed
on a new portion of the sample to avoid contamination.
Chemical reactions were monitored by comparing the XAS
before and after heating, as in Ref. [20]. Nickel and cobalt
are fcc crystals before melting [18,46]. The solid-liquid phase
transition was identified by the loss of the edge shoulder and
the flattening of the first two oscillations in the XAS spectrum
(see Fig. 1). XAS melting criterion has already been used for
several metals [15,16,33,47] (and references within) and its
validation for nickel and cobalt was discussed in Refs. [20,42].
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FIG. 1. K-edge XAS spectra of nickel and cobalt (left and right
panels, respectively). The red spectra are associated with the first lig-
uid sample while the blue and green ones are associated with the last
high-temperature solid for nickel and cobalt, respectively. The black
spectra are measured at ambient temperature. The validation of the
melting criterion for these sets of data is provided in Refs. [20,42].
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FIG. 2. Thermodynamic conditions of XAS data measurements
for pure liquid nickel (left panel, blue points) and cobalt (right
panel, green points) considered in this work for the analysis of first
neighbors distances in the liquid. The purple circles in the left panel
represent points where after melting a contamination with about
7% of NiO was detected. The thermodynamic conditions used in
molecular dynamics simulations are also reported. Cyan triangles
and squares refer to the values in Refs. [25,26] for nickel. Light-green
squares refer to the thermodynamic conditions used for cobalt in
the quantum molecular dynamics of this work, while green triangles
refer to the values in Ref. [19]. The solid curves indicate the melting
detected with XAS [20,42].

Complete melting is achieved when no further changes are
detected in the x-ray absorption near-edge structure (XANES)
upon increase of laser power. The pressure and temperature
conditions of the K-edge XAS spectra of liquid nickel and
cobalt analyzed in this work are illustrated in Fig. 2. The ex-
tended x-ray-absorption fine structure (EXAFS) experimental
signals defined as the oscillation with respect to the atomic
background cross section normalized to the corresponding
K-edge channel cross section, are shown in the left and right
panels of Fig. 3 for Ni and Co, respectively. The EXAFS
spectra show the presence of a dominant, single frequency that
is compatible with the detection of a single distance and this
behavior is typical for very disordered systems. The EXAFS
signals in Fig. 3 show a strong pressure dependence. In
particular, there is a clear shift in the phase of the oscillations
towards higher k values as pressure increases, highlighted
by the dashed lines (see Fig. 3). This is associated with a
reduction of frequency upon compression as a consequence
of the first shell distance contraction, both for liquid Ni
and Co.

For the analysis of the EXAFS data, pair distribution
functions g(r) derived from independent experiments (x-ray
or neutron diffraction) or calculations such as moleculary
dynamics (MD) or Monte Carlo simulations can be used
as starting models [48-50]. In particular, the y (k) signal
associated with the first neighbor shell can be expressed as

(k) = / " pre(ryy Ok, rydr, )
0

where p is the number density and y®(k, r) represents the
dimensionless two-body contribution to the EXAFS signal
associated with the single scattering by one atom at distance r
from the photoabsorber.
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FIG. 3. Comparison between the Ni and Co K-edge experimental
EXAFS spectra of liquid nickel and cobalt at different pressures
along the melting curve (blue and green curves, for nickel and
cobalt, respectively) and best-fit theoretical EXAFS signals (red
curves). The data at ambient conditions are more noisy because
they were acquired with a different experimental configuration (see
Supplemental Material [41]). The dashed lines are a guide for the
eyes and highlight the positions of the first minimum and second
maximum of the oscillations for the signal at ambient pressure.

Model g(r) for nickel under pressure were taken from pre-
viously published MD simulations [25,26] while for cobalt, ab
initio quantum molecular dynamics (QMD) calculations were
carried out that provided g(r) covering different pressure-
temperature conditions. QMD simulations were performed
using the ab initio plane wave density functional theory code
ABINIT [51-53] together with generalized gradient approxi-
mation [54] in the framework of the projected augmented
wave (PAW) method [55,56]. The PAW data set for cobalt
was generated using nine outer electrons (3d%4s'4p°) and
a cutoff radius, . = 2.1ap and a plane wave basis with an
energy cutoff of 15 Ha. Two cubic simulation boxes including
either 32 or 54 atoms were used. The electron temperature was
controlled by the width of the Fermi-Dirac distribution and
the ion temperature was controlled in the isokinetics ensemble
where the velocity was rescaled at every time step to maintain
the desired temperature. Configurations were propagated up to
8 ps using time steps of 2.5 fs. All MD calculations were per-
formed with a 2 x 2 x 2 mesh in the Monkorst-Pack scheme
[57] for representation of the Brillouin zone.

The theoretical g(r)’s and their associated theoretical den-
sities p provide the starting conditions for the EXAFS anal-
ysis. Due to experimental constraints linked to the very high
pressure and temperature, the exploitable k-range of the EX-

AFS signal is limited between 3.0 and 7.5 A™" and does
not allow performing a standard fitting procedure [58]. For
each temperature and pressure, a model g(r) was obtained
by shifting the theoretical g(r) previously obtained by MD
simulation by different values. For each of the shifted g(r)
the theoretical y (k) signals were calculated with Eq. (1) and
compared with the experimental data as follows. Theoretical
y® signals were calculated with the GNXAS code [58,59]
in the muffin-tin approximation using the Hedin-Lundqvist
energy-dependent exchange and correlation potential model,
which includes inelastic loss effects [59]. Least-squares fits of

TABLE 1. Pressure-temperature conditions for the analyzed
nickel and cobalt spectra and the Ni-Ni and Co-Co first peak distance
(R) resulting from the EXAFS analysis. The melting temperature at
ambient pressure was not measured in this experiment.

Nickel Cobalt

P (GPa) T (K) R (A) P (GPa) T(XK) R(A)
10 1728 2.39(5) 10* 1775 2.46(5)
11(1)  2220(340) 2.34(5) 10(1)  2020(100) 2.43(5)
19(2)  2420(190) 2.29(5) 31(3)  2930(210) 2.33(5)
28(3)  2750(250) 2.29(5) 39(4)  2660(260) 2.28(5)
33(3)  2990(300) 2.24(5) 41(4)  2730(280) 2.33(5)
45(5)  3120(270) 2.24(5) 56(6)  3590(260) 2.26(5)
51(5)  3350(360) 2.24(5) 68(7)  3660(300) 2.23(5)
90(9)  3200(380) 2.19(5) 83(8)  3620(460) 2.23(5)

102(10)  3600(290) 2.19(5)

the EXAFS raw experimental data were performed to find the
best-fit g(r) position, and only one nonstructural parameter,
namely, the amplitude reduction factor Sg that accounts for
the relaxation of passive electrons in the presence of a core
hole, was varied during the analysis. The quality of the fits
was determined by the goodness-of-fit parameter [S8] and
by careful inspection of the EXAFS residuals. Due to the
well-known correlation between the first shell distance and
Ey (core ionization threshold energy) the latter parameter was
kept fixed during the minimization procedure and was set at
5.0 and 8.0 eV above the first inflection point of the XAS
spectra for nickel and cobalt, respectively. The presence of
double electron excitations [60] was considered in the back-
ground modeling. Figure 3 shows the comparison between
the EXAFS experimental spectra and the best-fit theoretical
signals both for nickel and cobalt.

The agreement between the experimental and theoretical
data is very good in all cases and the trend of the oscillations
with pressure is nicely reproduced. The Ni-Ni and Co-Co first
neighbor distances, defined as the maxima of the g(r) first
peak (Gaussian) obtained from the EXAFS data analysis, are
reported in Table I. From the EXAFS experimental results
a contraction of 0.20 A for liquid nickel has been observed
when the pressure is increased from ambient to 102 GPa along
the melting curve. A similar result has been obtained for liquid
cobalt where the Co-Co first neighbor distance undergoes a
shortening of 0.23 A when the pressure is increased from
ambient to 83 GPa. Figure 4 shows the trend of the Ni-Ni
and Co-Co first neighbor distances, as determined from the
EXAFS analysis, as a function of pressure together with
the theoretical results obtained by Cao er al. [25] and Lee
and Lee [26] for nickel and by our QMD -calculations for
cobalt. The pressure and temperature conditions of both the
theoretical calculations and experimental data are those shown
in Fig. 2. As expected both liquid nickel and cobalt show
a very similar compression along the melting curve. In the
case of nickel, where both the experiment and the calculations
by Cao et al. [25] are performed along the melting curve,
the agreement between the experiment and the theory is
very good. The calculations by Lee and Lee [26] and those
obtained for cobalt in this work are instead performed along
isotherms at 3000 and 5000 K, respectively. For cobalt even if
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FIG. 4. Compression of the Ni-Ni and Co-Co first neighbor dis-
tances as a function of pressure obtained from the EXAFS analysis
and compared with the theoretical results. The maxima of the g(r)
first peaks are plotted. The solid lines serve as a guide for the
eye. Left panel: Ni-Ni first neighbor distances obtained from the
EXAFS experimental data as a function of pressure (blue circles).
The purple circles represent the Ni-Ni distances obtained for two
samples contaminated with 7% of NiO, the compression trend of
the Ni-Ni first distance is not strongly affected. The Ni-Ni first
neighbor distances resulting from calculations by Cao et al. and Lee
and Lee are shown as blue triangles and cyano squares, respectively
[25,26]. Right panel: Co-Co first neighbor distances obtained from
the EXAFS experimental data as a function of pressure (green
circles) together with the values obtained from QMD molecular
dynamics performed in this work (green squares).

a direct comparison between the experimental and theoretical
determinations is not possible, the compression of the Co-Co
distance along the melting curve has a similar trend as that
determined for nickel. The theoretical calculations carried out
along the isotherm show a less steep distance contraction
with increasing pressure. This is due to the opposite effect of
temperature and pressure on the metal bond distance.

The obtained compression data were then exploited to give
an evaluation of the specific volume. The specific volume was
estimated from the maxima of the g(r) first peak obtained
with the EXAFS data analysis and then used to fit analytical
equations of state (EoS) of liquid nickel and cobalt. This esti-
mation is based on the assumption of V/Vy = R*/R3, already
proposed in the literature for metallic amorphous compounds
[61] and for liquid Fe-5 wt % Ni-12 wt % S and Fe-5 wt %
Ni-15 wt % Si [10]. Following the same procedure used for the
two iron alloys [10], both experimental and theoretical data
from the literature were corrected to a temperature of 3000 K
and fit to a Vinet equation of state

P=3Krov P01 —v'"Pexp[3(K' — D1 —v'?)], 2

where v = % V is the volume under pressure, Vj is the

volume at ambient pressure, K7 ¢ is the bulk modulus, and K’
its first pressure derivative. The resulting volumes normalized

1.1 Nickel Cobalt
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FIG. 5. Volume of liquid Ni and Co normalized to the volume
at ambient pressure and rescaled to 3000 K. Left panel: Volume
of Ni obtained from EXAFS experimental data as a function of
pressure (blue and purple circles). Volumes by Lee and Lee already
at 3000 K and volumes by Cao et al. rescaled to 3000 K are shown
as light-blue triangles and cyano squares, respectively [25,26]. Right
panel: Volume of Co obtained from EXAFS experimental data as a
function of pressure (green circles) together with the values obtained
by Zhang et al. with MD simulations performed with a Zhou’s EAM
potential (green triangles) [19]. The solid lines are obtained as Vinet
fit of the data.

to the volume at ambient pressure are presented in Fig. 5. By
setting K’ at 4 and the Vj at the experimental value at ambient
pressure, the Vinet fit of the experimental volumes gives a
bulk modulus of 91(6) and 94(4) GPa at 3000 K for nickel
and cobalt, respectively. These values are slightly higher
than those extrapolated from the literature (Refs. [62,63]) for
the solid, which are 88 and 87 GPa for nickel and cobalt,
respectively. Details about the temperature correction [10] and
the EoS fit [64,65] are provided in the Supplemental Material
[41].

In the present work, EXAFS data were analyzed with the
aim of measuring the first neighbor distance of high-pressure
liquids along their melting curves. In particular, the Ni-Ni and
Co-Co first neighbor distance contractions of liquid Ni and
Co were experimentally determined at extreme conditions.
Moreover, it was possible to give an estimation of the bulk
modulus for the liquid Ni and Co at 3000 K by assuming
V/Vy = R? /Rg and performing a fit to the Vinet equation of
state up to 51 and 83 GPa, respectively. This work provides
a method suitable for the treatment of XAS data collected at
extreme conditions of P and T, allowing the characterization
of the liquid state of systems of geophysical and planetary
relevance to be performed. This opens the possibility of
characterizing, with XAS, the liquid core of several terrestrial
planets such as Earth, Mars, Mercury, and Venus.
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